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ABSTRACT

An ExB probe was used to measure the ion species
fractions of Xe', Xe*, and Xe* in the far-field
plume of the NASA-173Mv2 l|aboratory-model
Hall thruster. The thruster was operated at a
constant xenon flow rate of 10 mg/s and discharge
voltages of 300 to 900 V. The ExB probe was
placed two meters downstream of the thruster exit
plane on the thruster centerline. At a discharge
voltage of 300 V, the species fractions of Xe** and
Xe* were lower, but still consistent with, previous
Hall thruster studies using other mass analyzers.
Over discharge voltages of 300 to 900 V, the
Xe™* species fractions increased from 0.04 to 0.12
and the Xe* species fraction increased from
0.01 to 0.02.

[.INTRODUCTION

As used for spacecraft applications in Earth orbit
such as station-keeping, orbit-raising, and orbit-
transfers, the xenon Hall thruster is most often
regarded as a 1600 second specific impulse device
operating at discharge voltages of 300 V. Mission
studies have shown though that increases in the
specific impulse of Hall thrusters to 2000 to
3000 seconds can enhance or enable a number of
Earth-orbital and interplanetary missions.*™

The NASA-173M series of laboratory-model Hall
thrusters were conceived in order to understand
the design challenges and physical mechanisms
determining performance at high-specific impulse
(2000 to 3000 seconds).>® The basic design
philosophy was that changes to the magnetic field
topography would be required for efficient
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operation above 1600 seconds specific impulse.
Advanced magnetic circuits allowing for in situ
variation of the magnetic field topography were
therefore incorporated into each thruster. The
NASA-173Mv1, built jointly by the University of
Michigan and the NASA Glenn Research Center
(GRC), first established the validity of this
approach.>® In a performance study at low current
density, changes to the magnetic field topography
at high-specific impulse were shown to be critical
to achieving efficient operation.® The follow-on
version, the GRC-developed NASA-173Mv2,
incorporated design improvements suggested by
its predecessor. A performance mapping of the
NASA-173Mv2 at several current densities
established that efficient operation at high-specific
impulse was possible if a minimum current density
was maintained and the magnetic field topography
was properly shaped.’

Design and experiment have established that Hall
thrusters can operate efficiently at high-specific
impulse. A need ill exists though to improve
understanding of the relationship between the
thruster design and the microscopic plasma
properties. This is necessary to further increase
performance, evaluate and improve lifetime, and
enable integration with spacecraft. To those ends,
a series of plasma diagnostics have been used with
the NASA-173Mv2 to better understand the
plasma characteristics.”

In the present work, an ExB probe was used to
measure the variation of the ion species fractions
with discharge voltage in the NASA-173Mv2 Hall
thruster. An ExB probe is a plasma diagnostic that



selectively filters charged particles according to
their velocities.'>' Because multiply-charged ions
in Hall thrusters will have velocities proportional
to the square root of their charge-state (q“%),? an
ExB probe can discriminate between distinct ion
species. Examination of the relative height of the
ion current peaks from the probe can then be used
to compute the species fractions.

Measurements of the species fractions are
important because multiply-charged ions affect
thruster performance and the lifetime of the
thruster and sensitive spacecraft surfaces
(e.g., solar arrays and optics). Increased erosion by
multiply-charged ions (due to their increased
energy) can also decrease the lifetime of the
thruster and spacecraft surfaces. At high discharge
voltages, the importance of multiply-charged ions
on Hall thruster performance and lifetime is
relatively unknown because measurements have
thus far been limited to 300 to 500 V in xenon
Hall thrusters, 9222

. EXPERIMENTAL APPARATUS

The thruster hardware and configuration were the
same as the experiments reported in reference 7.
This included the thruster, power electronics,
vacuum facility, and the thruster mounting scheme
in the vacuum facility. In the experiments reported
here, an ExB probe was added two meters
downstream of the thruster exit plane on the
thruster centerline.

A. NASA-173Mv2 Hall Effect Thruster

The NASA-173Mv2 is a 5 kW-class |aboratory-
model Hall thruster that has a discharge chamber
outer diameter of 173 mm (Figure 1; seereference 7
for a detailed description). A fixed structure of
magnetic poles pieces, an inner coil (IC) and an
outer coil (OC) are used to form the primary
magnetic circuit. Fine control of the magnetic field
is provided with an internd trim cail (ITC) and an
externa trim coil (ETC). In the data presented in
this paper, only the inner and outer coils were used.
The results of experiments including the effects of
the internal and external trim coils on ion species
fractions have not yet been analyzed.
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Figure 2 shows the total specific impulse and total
efficiency of the NASA-173Mv2 a 10 mg/s
versus discharge voltage.” The specific impulse
and efficiency include the cathode flow and the
efficiency also includes the power to the magnets.
Specific impulse and efficiency range from 1600
to 3400 seconds and 51 to 61%, respectively, over
voltages of 300 to 1000 V.

The plasma discharge was powered by a matching
pair of commercialy available power supplies
wired in series that provided a 1200 V, 16 A
output. The discharge filter consisted of a 100 uF
capacitor in parallel with the supply outputs. Other
commercially available power supplies were used
to power the magnet coils and the cathode heater
and keeper. The laboratory-model hollow cathode
was a GRC design capable of emission currents up
to 20 A. As shown in Figure 1, the cathode was
positioned above the thruster.

High-purity xenon was supplied through stainless
sted feed lines with 20 and 200 sccm mass flow
controllers. The controllers were calibrated before
the experiments using a constant-volume method.
Based on the calibrations, the uncertainty was
estimated as +0.9% for the anode flow rate and
+1.1% for the cathode flow rate.

Figure 1.—Photograph of the NASA-173Mv2 Hall
thruster.
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Figure 2—Total specific impulse and efficiency
versus discharge voltage of the NASA-173Mv2 at
10 mg/s. (from reference 7)

Thruster telemetry was acquired using a 22-bit
datalogger. The DC accuracy of the unit, as
reported by the manufacturer, is 0.004%.
However, calibration of each channel using digita
multimeters increased the uncertainty to +0.05%
for voltage and +0.2% for current.

The thruster was operated for four hours after
initial exposure to vacuum conditions to alow for
outgassing of the chamber walls. Upon subsequent
thruster shutdowns and restarts or a change in the
discharge voltage, the thruster was operated for at
least 30-60 minutes before data was acquired. This
procedure allowed enough time for the discharge
current to reach a steady-state value.

B. Vacuum Facility

The experiments were conducted in vacuum
facility 12 (VF12) at GRC. VF12 is a cylindrical,
stainless steel chamber 3.0 m in diameter by 9.6 m
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in length. The facility is cryogenically pumped and
backed by a turbomolecular pump for removal of
gases not pumped by the cryosurfaces. The
thruster was mounted on the thrust stand described
in reference 7. The thrust stand pendulum was
locked down and not used for these experiments.
In this position, the thruster was near the
chamber’ s vertical centerline and fired 8.9 m down
the length of the tank toward the pumps, which are
located aong the back half of the chamber. A
hot-cathode ionization gauge was mounted
0.4 m below the vertical chamber centerline,
5.2 m downstream of the thruster. Pressure
measurements were corrected for xenon using the
base pressure on air and a correction factor of 2.87
for xenon. For atotal xenon flow rate of 11 mg/s,
the pressure was 4.6x10°° Torr, after correcting for
xenon and the base pressure on air, which was
1.0x10™" Torr. This test pressure corresponded to a
xenon pumping speed of 340,000 I/s.

C. ExB Praobe (Wien filter)

1. Theory of Operation

The classica dynamics of a beam of charged
particles in electric and magnetic fields are
governed by the Lorentz force equation

F =qge(E+0ixB) (1)

(where the symbols have their usua meaning).
The ExB probe, also known as a Wien filter,
selects particles with a particular velocity by
balancing the electric and magnetic fields such
that there is no net force acting on those
particles.>

0=qge(E +lixB) 2

If the ExB probe is constructed with the electric
and magnetic field perpendicular to each other and
the particle velocity
E =(0,E,0)
B=(0,0,B) ©)
U= (u,00)
then Eq. (2) becomes

E
u=-g§ (4)



Equation (4) shows that the particle velocity can
be chosen by adjusting the eectric and magnetic
fields. In practice, a constant magnetic field is
usually applied with permanent magnets. The
electric field is usually established between two
paralel plates separated by a gap, d, that are
biased to a potential, Vprone, SUCh that

Vprobe

E q )
Then the velocity pass condition in an ExB probe
is

Vprobe

u Bd (6)
Particles that satisfy Eq. (6) pass through the ExB
field region and reach a collection electrode where
they are recorded as current. The resulting current-
voltage characteristic is therefore related to the
velocity distribution function. It is important to
note that an ExB probe is a velocity selector
because the charge-state and mass of the ions do
not appear in Eq. (4). Thus, an ExB probe will not
detect signatures due to charge-exchange
collisions but will detect elastic collisions through
signal broadening.

In a Hal thruster, particles are accelerated
electrostatically to a velocity given by*

u = % (7)
Mye

where the subscript, i, indicates the charge of the
ion (i = 1,2,3,...), V,; is the effective accelerating
potential, and m, is the mass of a xenon atom.
Substituting Eqg. (7) into (6) and solving for the
plate voltage yields an expression in terms of the
effective accelerating potential of each ion species
and charge-state (i.e., the ion energy)

20,€V,;
Mye

The accelerating potential that each charge-state
experiences in Hall thrusters differs only by a few
tens of volts’®? Thus, the charge-states will
roughly appear in an ExB current-voltage
characteristic at multiples of ”* above the singly-
charged peak.

v (Bd) €S)

probe,i =
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2. Design and Experimental Setup

The ExB probe was based on previous designs
used to study ion thrusters.®® Kim's ExB probe,
which was the first to be used on a Hall thruster,
was aso based on these designs.®* Shown
schematically in Figure 3, the probe used in these
experiments consisted of three main sections: the
entrance collimator, ExB test section, and exit
collimator. The entrance collimator was 127 mm
in length and had two circular orifices at either end
that were 0.5 and 1.0 mm in diameter. In the
127 mm long test section, the magnetic field was
applied with permanent magnets that provided a
magnetic field strength at the test section center of
0.16 T. The electric field was established with a
pair of auminum plates machined from channel
stock. The bias plates were separated by a distance
of d = 42.5 mm with legs used to minimize electric
field fringing that were d/4 in length.**'" The exit
collimator was 127 mm long and had an exit
orifice diameter of 3.2 mm. A 23 mm diameter
tungsten collection electrode was placed at the end
of the exit collimator. The entrance and exit
collimator orifices were aligned using a laser. The
acceptance angle of the probe was 0.7°. Probe
resolution was conservatively estimated as 7% of
theion energy.®

lon beam

A\ 205
. entrance
orifice
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/ collimator
127

21.0
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227 e |
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/ ion, u=E/B
Tungsten
/ ion collector
—

Figure 3.—Schematic of the ExB probe. Dimensions
aregiven in millimeters.



The entrance orifice of the probe was placed two
meters downstream of the thruster exit plane and
on the thruster centerline, within an accuracy of
+0.5 cm in both the axia and radial directions.
The entrance and exit collimators were aligned
perpendicular to the thruster exit plane with alaser
to an accuracy of +0.5°.

Figure 4 shows the electrical schematic of the ExB
probe. The plate bias was applied with a
commercially available power supply and was
swept over a range of voltages in two volt steps.
For a given thruster operation condition, each
voltage sweep was repeated 3 to 5 times and then
averaged together to reduce measurement
uncertainty. The supply outputs were biased with
respect to ground using a pair of 1 MQ resistors so
that the potential at the mid-point of the plates was
held near facility ground. Current from the
collection electrode was measured with a
picoammeter through 50 Ohm, shielded coaxial
cable. Except for the bias plates and the collection
electrode, the entire probe was grounded to the
vacuum facility.

3. Data Analysis

Since the goal of the experiments was to obtain the
ion species fractions as a function of the discharge
voltage, data analysis consisted of interpreting the

A
&)

lon Collector

Vplatet Vplate-
Bias plates

1MQ

Figure 4.—Electrical schematic of the ExB probe.
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peak heights measured by the ExB probe. The Xe"
and Xe** pesks were easily identified for all
operating conditions. Signal broadening due to
elastic collisions and probe resolution limitations
resulted in the Xe** and Xe&** signals overlapping
at discharge voltages of 500 to 800 V. In those
cases, the Xe** ion current was taken where the
first derivative of theion current crossed, or nearly
crossed, zero. The voltage where this occurred
aways closaly corresponded to 3”2*Vprobe,1. Some
discharge voltages showed evidence of Xe*, but
the signal never represented a significant fraction
of the total signal. For example, if the signal at
900 V (where Xe** was most evident, see Figure 7
in section Ill) were included in the species
fractions calcul ations, then the Xe*" fraction would
have been 0.001. Because the signal was so small,
Xe* was not included in the calculations.

Using the peak heights to calculate the species
fractions was equivalent to approximating the ion
energy distribution function as a monoenergetic
beam. In a Hall thruster, the beam has a
digtribution with a finite width of energies, since
ions are produced aong the length of the discharge
chamber at different accelerating potentials.
Kim'?' accounted for these effects by including a
model of the ion energy distribution function and
found reasonable agreement with other mass
analyzers.”? While modeling the distribution is a
more rigorous approach that should reduce
uncertainty, it requires that probe-induced signal
broadening is much less than collisona
broadening. The ExB probe used in these
experiments had an energy resolution of 7%
(compared to 1% with Kim's probe), which was
too high to neglect probe broadening. As a result,
it was concluded that modeling the distribution
would introduce more uncertainty to the
calculations than using the peak heights. While
using the peak heights introduces additional
uncertainty, the computed species fractions were
still comparable to other mass anayzers (see
section 111 below). A conservative estimate of the
uncertainty that included the effects of using the
peaks heightsis discussed in section 11.C.4.

The ion current of each species from the probe
traces was expressed as

i =egnuAl+y) ©)



where A. was the current collection area, y; was the
secondary electron emission yield (given in
electrons per ion), and n; was the number density.

The secondary electron emission yield was taken
from data in reference 27 for xenon bombardment
on tungsten which showed that y; was on average
0.018, 0.216, and 0.756 for X€', X&**, and Xe*,
respectively, over the range of ion energies in
these experiments.

From the ion currents, the current fractions were
computed as

0 :y i =123 (10)
where
> =1 (11)
The ion species fractions were given by
gFﬁ =123 (12)
where
2.6=1 (13)

Equations (7), (9), and (12) were then substituted
into Eq. (10) to obtain an expression relating the
current and species fractions

Q — ql%é/l(l—‘ryl)

| Z(qi%éi L+ )]

where it was assumed that the collection area and
effective acceleration potential of each species
were the same. Solving the system of equations
defined by Egs. (13) and (14) yielded the ion
species fractions.

(14)

4. M easur ement Uncertainty

To estimate the measurement uncertainty, the
sengitivity of each ion species fraction was
analyzed by considering: the uncertainty in the
probe voltage and current identified for each
species, probe misalignment and resolution, the
variation in accelerating potential with ion species,
and whether the secondary electron emission yield
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was included. Based on this anaysis, the
uncertainty in the species fractions was estimated
to be +0.02, +0.01, and +0.005 for Xe", X&**, and
Xe*, respectively. Other sources of error, such as
the loss of particles over the two meter path length
and the effects of using the peak heights to
identify the species current fractions, were not
included. Methods to edtimate the added
uncertainty of these effects are currently being
considered. However, prdiminary estimates did
show that the additional uncertainty was on the
order of the uncertainty from all other sources. As
a result, the uncertainty was revised to the more
conservative estimate of +£0.04, +0.02, and +0.01
for Xe', Xe*, and Xe*, respectively. At 300 V,
this equated to a percentage uncertainty of +4%,
+50% and +100% for Xe', Xe&*, and Xe*,
respectively.

1. RESULTSAND DISCUSSION

ExB probe measurements were taken with the
thruster operating at an anode flow rate of
10.0 mg/s and a cathode flow rate of 1.0 mg/s. The
discharge voltage was varied from 300 to 900 V.
The ExB probe was two meters downstream of the
thruster exit plane on the thruster centerline. At
each discharge voltage, the effects of the magnetic
fidd were evaluated by using severa
combinations of the cails. In this paper, data with
the inner and outer coils are presented. The results
of experiments including the effects of the internal
and external trim coils have not yet been analyzed.
Thruster telemetry from the test series are in the
appendix as Table 1.

Figures 5 to 7 are representative ExB probe traces
at 300, 600, and 900 V, respectively. Each figure
is the average of three to five voltage sweeps of
the ExB probe. In general, the probe traces yielded
distinct and repeatable spectra for the Xe*, Xe”,
and Xe*" peaks. The Xe&** and Xe* peaks closely
corresponded to the expected g2 dependence.

The widths of the probe spectra for each species
show a clear broadening with discharge voltage.
This result correlated with measurements of the
ion voltage distribution that showed the same
trend.® The implications of these results on thruster
operation are discussed further in reference 8.
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Figure 8—lon species fractions versus discharge
voltage.

The variation of the ion species fractions with
discharge voltage is shown in Figure 8 and
tabulated in the appendix as Table 2. While the
results indicated a genera increase in the fraction
of multiply-charged ions with increasing discharge
voltage, Xe" dtill dominated the plasma at all
discharge voltages. Over the range of 300 to
900 V, the species fraction of Xe" decreased from
0.95 to 0.86. Over the same voltage range, the
Xe** species fractions increased from 0.04 to 0.12
and the Xe* species fraction increased from 0.01
to 0.02. At 300 V, the fractions of X&* and Xe&**
measured by the ExB probe were lower, but still
consistent with, previous Hall thruster studies
using other mass analyzers.®?**?® These past
studies have shown the plume to be composed of
0.06 to 0.11 X and 0.01 X€&™".

reduce the thruster

Multiply-charged ions

efficiency because

2

_ (ZQLM Vo ] (15)

+

Q
" z = i

where " is the efficiency of a singly-charged
plasma and Q; peam are the beam current fractions.
Note that the beam current fractions are different
than the praobe current fractions defined in Eq. (14)



because of the effects of secondary electron
emission on the collected ion current. The right
hand side of Eqg. (15) is aways less than one, so
the efficiency of a multiply-charged plasma (for
the same beam current), is aways less than that of
a singly-charged plasma. Applying Eq. (15) to the
measured species fractions showed that the
thruster efficiency decreased by 1 to 3% over 300
to 900 V due to the presence of multiply-charged
ion species. While this is a small decrease in
efficiency, EQq. (15) does not include the extra
energy losses of producing multiply-charged ions,
thermal losses due to ion acceleration into the
discharge chamber walls, and the angular
distribution of multiply-charged ions
(measurements from thruster centerline usually
show higher fractions of multiply-charged
species).9?t# % These effects, as well as the
effects of multiply-charged ions on thruster
lifetime, are currently being considered in further
detail.
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APPENDIX

Table 1L.—NASA-173Mv2 telemetry from the ExB probe measur ements.

Cathode Inner Coil | Outer Coil | Internal Trim | Externa Trim Pressure
Point vd (V) Id (A) | Anode (mg/s) (mg/s) (A) (A) Cail (A) Coail (A) Veg (V) (Torr)
93 300.4 8.87 10.00 1.00 175 150 0.00 0.00 -11.8 4.6E-06
100 | 4004 | 924 | 1000 | 100 | 250 | 226 | 0.00 | 0.00 | -130 | 4.6E-06
105 | 5004 | 937 | 1000 [ 100 | 300 | 220 | 0.00 | 0.00 | -133 | 46E-06
109 | 6002 | 953 | 1000 | 100 | 326 | 249 | 0.00 | 0.00 | -134 | 46E-06
113 | 7004 | 971 | 1000 | 100 | 341 | 306 | 0.00 | 0.00 | -140 | 4.6E-06
117 | 8001 | 981 | 1000 | 100 | 38 | 33 | 0.00 | 0.00 | -141 | 46E-06
126 | 801 | 984 | 1000 | 100 | 38 | 361 | 0.00 | 0.00 | -138 | 4.6E-06

Table 2—Ion speciesfractions on centerline, two meters downstream of the NASA-173Mv2 at 10 mg/s.

NASA/CR—2003-212893

Species Fraction
vd Xet+ Xe2+ Xe3+
300 0.95 0.04 0.01
400 0.94 0.05 0.01
500 0.93 0.06 0.01
600 0.92 0.07 0.01
700 0.90 0.09 0.01
800 0.87 0.12 0.01
900 0.86 0.12 0.02
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